Although the majority of known binary Asymptotic Giant Branch (AGB) stars are symbiotic systems (i.e. with a WD as a secondary star), main-sequence companions of AGB stars can be more numerous, even though they are more difficult to find because the primary high luminosity hampers the detection of the companion at visual wavelengths. However, in the ultraviolet the flux emitted by a secondary with T eff > 5500 ∼ 6000 K may prevail over that of the primary, and then it can be used to search for candidates to binary AGB stars. In this work, theoretical atmosphere models are used to calculate the UV excess in the GALEX near-and far-UV bands due to a main-sequence companion. After analysing a sample of confirmed binary AGB stars, we propose as a criterium for binarity: (1) the detection of the AGB star in the GALEX far-UV band and/or (2) a GALEX near-UV observed-to-predicted flux ratio > 20. These criteria have been applied to a volume-limited sample of AGB stars within 500 pc of the Sun; 34 out of the sample of 58 AGB stars (∼60%) fulfill them, implying to have a MS companion of spectral type earlier than K0. The excess in the GALEX near-and far-UV bands cannot be attributed to a single temperature companion star, thus suggesting that the UV emission of the secondary might be absorbed by the extended atmosphere and circumstellar envelope of the primary or that UV emission is produced in accretion flows.
INTRODUCTION
Binarity has long been suggested as a mechanism to shape bipolar planetary nebulae (PNe) (e.g. Corradi & Schwarz 1993; Soker 1998) . Observations have confirmed that a significant number of PNe indeed have binary central stars (De Marco et al. 2013) . Since binarity precedes the formation of the PN, it is paramount to detect it along previous phases of stellar evolution before the PN formation, particularly at the Asymptotic Giant Branch (AGB) phase. An unbiased comparison among the binarity occurrence rates during the main sequence, AGB and PN phases can help to reinforce a causality relationship between binarity and the formation of aspherical PNe and to assess the evolution of binary systems (e.g. Ivanova et al. 2013; Staff et al. 2016) Binary or multiple systems including AGB stars have been often observed as symbiotic systems. They are identified by their spectra, which includes features characteristic ⋆ E-mail: rortiz@usp.br of the red giant as well as emission lines arising from the wind-driven atmosphere of the giant, which is ionized by the UV photons of the secondary white dwarf (WD). The latest catalogue of symbiotic systems contains about two hundred objects, including confirmed and suspected objects (Belczynski et al. 2000) .
The discovery of hot companions of AGB stars is somewhat straightforward where they compose symbiotic systems, but the detection of low-and intermediate-mass mainsequence (hereafter MS) companions is not simple. The detection of the secondary in direct images is difficult because the high brightness contrast between them hampers the detection of the secondary, except in the cases where the components are well resolved (Karovska et al. 1993 (Karovska et al. , 1997 Prieur et al. 2002) . Indeed, the recent advent of new generation adaptive optics systems has allowed the detection of late-type, close companions of AGB stars (Beuzit et al. 2008; Fusco et al. 2014) , but this method still remains restricted to a few near objects (Kervella et al. 2015) . Other methods to detect binary AGB stars include asymmetries c 2016 The Authors in their circumstellar envelopes (Mayer et al. 2013) , propermotion variations (Pourbaix et al. 2003) , and the identification of features attributed to the secondary in the visual spectrum (Castelaz & McCollum 1995; Danilovich et al. 2015) .
As a rule, the shorter the wavelength, the higher the relative contribution of the hot component to the spectrum because the flux emitted by an AGB star decreases abruptly beyond ∼2800Å. Therefore, UV space observatories (FUSE, GALEX, HST ) have greatly increased the possibilities to detect MS companions of AGB stars. Sahai et al. (2008 Sahai et al. ( , 2011 have carried out a program in quest of binary AGB stars based on an imaging survey obtained by the GALEX observatory (Galaxy Evolution Explorer, Martin et al. 2005) . They selected 25 AGB stars showing M5 or later spectral type classified during the mission as "bright star" and "high-background", with the additional criterium that they should exhibit the "multiplicity" flag in the catalogue. These were considered as promising conditions to detect companions with spectral type earlier than G0 in the two GALEX photometric bands: far-UV (1340 − 1790Å) and near-UV (1770 − 2830Å). Indeed, UV counterparts were detected in most of the sources and for a significant fraction of them the UV emission seemed to be in excess, i.e. it probably results from a companion undetected at visual wavelengths.
These results have undoubtfully made a major contribution in increasing the number of known binary AGB stars, but these searches have mostly been biased towards the most promising candidates and/or been restricted to symbiotic systems. In this paper we address the problem of detecting MS companions of AGB stars using GALEX UV data. The issues explored in this study will pave the way for future unbiased determinations of the occurrence of binarity among AGB stars. The main scopes of the present paper are: (1) to establish the detection limits of the GALEX survey to detect MS companions of AGB binary stars (Sect. 2 and 3); (2) to derive criteria for selecting binary AGB star candidates, to be eventually confirmed by other techniques, e.g. radial velocity (RV) studies (Sect. 4); and (3) to assess the stellar properties of these companions, mainly their effective temperature (Sect. 5).
THE DETECTABILITY OF AGB COMPANIONS WITH GALEX
The detection of the MS secondary companion of an AGB star depends on the contrast between its flux and that of the primary. The detectability of a MS intermediate or early spectral type companion using UV photometry is feasible because, despite the high luminosity of the primary, its flux bluewards of 2800Å is usually negligible when compared to the flux emitted by the secondary. For instance, Sahai et al. (2008) estimated a secondary-to-primary GALEX near-UV flux contrast ratio ≥10 for a MS secondary star with spectral type earlier than G0 (or T eff > 6000 K). Besides the flux contrast between the two components, the detectability depends also on the distance to the system as it determines the UV flux. This issue was extensively addressed by Bianchi et al. (2007) for hot objects. Assuming theoretical atmosphere models, they conclude that GALEX could detect all WD in the Galactic halo along their constant-luminosity phase (i.e. WD's with T > 50, 000 K and radii down to 0.04R⊙) up to a distance of 20 kpc. Concerning GALEX detections of MS stars, Bianchi et al. (2007) focused on objects with T eff > 18, 000 K, thus excluding intermediate-mass stars.
GALEX observation strategy was mainly organized into three different modes, namely ais, mis and dis, mostly different by their varying exposure times of 100 s, 1500 s, and 30,000 s, respectively. These modes refer to specific areas in the sky called tiles. Most observations were made in the ais mode to cover large areas in the sky. For each entry the GALEX catalogue 1 gives, among other information, the magnitude and flux density in the near-and far-UV bands ). An analysis of sources registered in different mode tiles shows that there are significant differences in sensitivity among them: sources detected with a signal-to-noise ratio (F/σF )NUV ,FUV of 5 have fluxes 10 µJy < FNUV ,FUV < 20 µJy in ais tiles, going down to 5 µJy < FNUV ,FUV < 10 µJy in mis tiles given their longer integration time.
In order to calculate the limiting distances of MS stars detectable by GALEX, we adopt the MS visual absolute magnitudes given by Cox (2002) and all the theoretical atmosphere models provided by Lejeune et al. (1997) for solar metallicity stars and spectral type later than B2v, i.e. for intermediate-mass stars. The grid of Lejeune et al. (1997) models is equally paced in log g by 0.5 dex intervals, but unequally in T eff . In all cases the difference between the log g values given by Cox (2002) and the value of the adopted theoretical model never exceeded 0.2 dex. The relative differences in temperature were (∆T eff /T eff ) < 2.3%. Absolute (i.e. at a distance of 10 parsecs) flux densities in the V band were calculated by convolving the theoretical spectrum with the V filter curve given by Maíz-Apellániz (2006) using equation:
where X is the name of the photometric band (V in this case), F⋆(λ) is the theoretical flux density of the star, and SX (λ) is the filter response curve. F⋆(λ) is "scaled" in order to match its flux density at λ eff = 5500Å with the value corresponding to its absolute visual magnitude MV by Cox (2002) . The visual zero-magnitude density flux used in this calibration is also given by Cox (2002) : Fzero,V = 3.75×10
erg s −1 cm −2Å−1 . Finally, GALEX near-and far-UV flux densities are calculated from this scaled theoretical spectrum using the same Equation 1, but for the near-and far-UV filter curves given by Morrissey et al. (2005) . Figure 1 shows the flux density of MS stars in the nearand far-UV bands as a function of the stellar effective temperature for distances in the range from 10 pc up to 10 kpc. The interstellar extinction decreases the detection radius of the GALEX survey. To calculate this effect, we derive the extinction AX in the X band (X=FUV, NUV) as follows: Figure 1 . GALEX near-UV (a) and far-UV (b) flux density of MS stars at 10 pc, 100 pc, 1 kpc, and 10 kpc as a function of effective temperature. The thick lines represent cases for zero extinction, whereas the shaded areas represent the flux densities affected by visual extinctions A V = 0 mag for 10 pc, 0 < A V ≤ 0.1 mag for 100 pc, and 0 < A V ≤ 1.0 mag for 1 and 10 kpc. The horizontal dashed lines mark the range of ais (i.e. GALEX observations with exposure time of t = 100 s) and mis (t = 1500 s) detection limits.
where E(B − V ) is the colour excess in the direction of the star (extracted from the GALEX catalogue), and RX is the extinction coefficient in the X band. The behaviour of the interstellar extinction coefficients was exhaustively studied by Yuan et al. (2013) who analysed thousands of stars detected by GALEX (and other surveys) in several directions in the Galaxy. In the present study we adopt an UV extinction law that corresponds to the average total-to-selective coefficient determined by Yuan et al. (2013) : RNUV = 7.15 and RFUV = 4.63. Therefore the extinction-corrected ultraviolet flux density FX can be calculated from Equation 2 and the corresponding extinction coefficients:
where F ′ X is the observed flux density in the near-and far-UV bands. Equation 3 was applied to the theoretical flux densities shown in Fig. 1 to simulate the effect of the interstellar extinction on near-and far-UV flux densities. Because the extinction varies from source to source depending on their distance D and line of sight through the Galaxy, we simulate various values of AV in Figure 1 from AV = 0.1 mag for sources at ≃ 100 pc to AV = 1.0 mag for D ≃ 1 kpc (which corresponds to an average local extinction of 1 mag kpc −1 , Ortiz & Lépine 1993; Marshall et al. 2006; Froebrich et al. 2010) . The results are shown in the same Fig. 1 , where we applied AV = 0.1 mag to the 100 pc and AV = 1.0 mag to the 1 and 10 kpc curves. Assuming RV = AV /E(B−V ) = 3.1, the near-UV (far-UV) flux densities would decrease by 19% and 88% (13% and 75%) for AV = 0.1 mag and AV = 1.0 mag, respectively. Although a realistic estimation of the extinction should take into account the distance and the Galactic coordinates of the object, this simulation allows us to estimate the detection limits of MS stars with GALEX. MS stars with T eff 5500 K (spectral type G6 or earlier) could be detected in the near-UV band up to a distance of ∼ 1 kpc in ais tiles. Contrary to naive expectations, only hotter stars with T eff 7000 K (spectral type F2 or earlier, i.e. mainly MS stars of spectral types O, B and A) could be detected in the far-UV band due to its lower sensitivity. The latter stars are less frequently companions of AGB stars because of the steep slope of the initial-mass function.
THE METHOD FOR ESTIMATING THE NEAR-ULTRAVIOLET EXCESS OF AGB STARS
The method used here for estimating the UV excess of AGB stars has much in common with that proposed by Sahai et al. (2008) , and has been partially described in Sect. 2. Firstly, B and V magnitudes taken from The Guide Star Catalogue, GSC2.3 (Lasker et al. 2008 ) and/or HIP-PARCOS (ESA 1997; van Leeuwen 2007) , and J, H and Ks (2MASS, Skrutskie et al. 2006 ) magnitudes are corrected for interstellar extinction using the E(B − V ) values listed in the GALEX catalogue. The standard values of AV = 3.1 × E(B − V ) and A λ /AV of 0.26, 0.15 and 0.09 for the J, H and Ks bands, respectively, are adopted (Koornneef 1983; Yuan et al. 2013) . Since E(B − V ) < 0.1 mag in most cases, the assumption of an alternative reddening law would not change the results significantly.
Secondly, the extinction-corrected flux densities corresponding to these five photometric bands are calculated using Equation 1. These are then fitted with the least-squared method to the theoretical spectral library by Lejeune et al. (1997) assuming [Fe/H]=0. No photometric bands redwards of Ks are considered in these fits because AGB stars may have circumstellar dust envelopes that produce an infrared excess in this spectral region. The average magnitude residuals considering the 5 bands is typically less than 0.2 mag, which is considerably smaller than the amplitude of variability of the stars.
Once the best-fit spectrum has been found, its flux density in the GALEX near-UV and far-UV bands is calculated using Equation 1. This latter step deserves a warning. Since the AGB stellar spectrum in this spectral region is very steep and the GALEX photometric bands are broad, the flux densities FNUV and FFUV obtained by convolving the theoretical spectrum with the filter curve are dominated by the stellar contribution on the longest wavelength side of the band. As a result, the flux densities differ notably, about two orders of magnitude, from the value of the flux at the effective wavelength F227nm and F153nm, respectively.
Finally, the ratios QNUV and QFUV of the extinctioncorrected (using equation 3) GALEX FNUV and FFUV to the predicted FNUV and FFUV are computed.
RESULTS
In this Section we describe the results of the application of this method to various samples of AGB stars. Firstly, we test it with the same stars analysed by Sahai et al. (2008 .1); second, a sample of confirmed binary stars discovered using kinematical criteria is studied (Sect. 4.2); finally, the method is applied to a volume-limited sample of nearby (< 0.5 kpc) AGB stars (Sect. 4.3).
4.1 Ultraviolet excess of M-type AGB stars (Sahai et al. 2008 ) Sahai et al. (2008 analysed the UV excess of 6 Mtype AGB stars in quest of companions. We have applied our method to the sample in those references and show the results in Table 1 . The range of T eff observed for this small sample corresponds to spectral types between M4−M8 (Fluks et al. 1994) , whereas the interval determined by Sahai et al. (2008 Sahai et al. ( , 2011 spans from M3−M9. Table 2 of Lejeune et al. (1997) lists log g as a function of the effective temperature for a sequence of cool giants. An interpolation of that set of values gives log g = −0.78 for T eff = 2800 K, log g = −0.33 for T eff = 3000 K, log g = +0.42 for T eff = 3350 K, and log g = +0.71 for T eff = 3500 K. The differences between these values and those determined in Table 1 does not exceed 1.1 dex. Figure  2 illustrates the photometric data and the best-fit spectra.
In the cases where multiple measurements of flux were taken at different epochs, the maximum and minimum values are plotted. The average residual between the best-fit model and the observed BVJHKs magnitudes is smaller than 0.11 magnitude for the 6 stars studied. All stars were detected both in the near-and far-UV bands. In those cases when multiple measurements are available, the UV fluxes varied up to one order of magnitude. Four stars (RW Boo, AA Cam, V Eri and R UMa) have 3 < QNUV < 6. Y Gem and o Cet show much higher near-UV excess, up to QNUV > 100. Variability certainly accounts for at least a part of the near-UV excess observed in these stars. Celis (1986) monitored a sample of Mira-and SR-type variables in the UBVRI system and observed variations of over 3 magnitudes (a factor 16 in flux) in the U band.
The predicted far-UV flux density is lower than 10
µJy for all the stars in the sample, which corresponds to an excess of QFUV > 10 6 , similar to the figure determined by Sahai et al. (2008) . The stars that show the larger near-UV excesses also show the larger QFUV values, even though the excess in the far-UV is several order of magnitude larger than in the near-UV. The far-UV excess observed in all the objects of the sample indicates that they all must have an additional source of UV photons such as an intermediate-mass MS star. The high values of QNUV reinforce this conclusion.
Ultraviolet emission of a sample of confirmed binary AGB stars
Radial velocity monitoring of spectroscopic binaries is a widely used technique to derive their orbital parameters. Famaey et al. (2009) comment that only 1.1% of the stars in the Ninth Catalogue of Spectroscopic Binary Orbits ) are M-type giants. Indeed, most of the binary systems known to contain a red giant are symbiotic, whereas systems with a non-degenerate companion are scarce. Famaey et al. (2009) used a series of radial velocity measurements obtained with the coravel spectrovelocimeter (Baranne et al. 1979) to determine the binarity status of a number of stars. Binarity was flagged as ORB when the set of kinematic measurements allowed the determination of the orbit, ORB: when the orbit was poorly determined, SB when binarity was confirmed spectroscopically, but no orbit could be computed from the data, SB? when the binarity is only suspected, and NON-SB when binarity is discarded. Our sample of confirmed binary AGB stars was extracted from the work by Famaey et al. (2009) , with the following main additional criteria: (a) the star should be classified as ORB, ORB: or SB; (b) concerning variability, the star must be classified as Mira (a long-period variable or LPV), SR-(semi-regular) or L-type (slow irregular variable). The former criterium is devised to select confirmed AGB binaries and the latter intends to discard M-stars belonging to the RGB phase. We also added some objects (hd62898, hd108907, hd130144, hd150450, hd156014 and hd187372) that are associated with X-ray ROSAT sources, as suggested by Hunsch et al. (1998) . Stars with large X-ray offsets were not included because of their doubtful association. Finally, symbiotic systems, which do not represent the main scope of this paper, have been also rejected. Two stars (hd16058 and hd42995) were not surveyed by GALEX. Our final list, as shown in Table 2 , contains 12 confirmed binary stars. Their properties were obtained similarly as those of the sample analysed in Sect. 4.1. Table 2 shows that the discrepancy between the GALEX measured and predicted FNUV persists, but on average QNUV is higher than in the sample analysed in Sect. 4.1. Except in the case of hip58545 (hd104216 = FR Cam), QNUV is generally comparable to the highest values in Sahai's sample, (Y Gem and o Ceti), i.e. 10 < QNUV < 200. Two general properties can be derived from this sample of confirmed AGB stars: QNUV > 20 (except in the case of FR Cam) and the detection of a far-UV counterpart (except hip60998 = hd108907 = 4 Dra). Table 1 . Basic data and best-fit parameters of the AGB stars studied by Sahai et al. (2008 Sahai et al. ( , 2011 . Distances are adopted from the HIPPARCOS catalogue. Single-value flux densities correspond to single-epoch observations, whereas the intervals refer to the minimum and maximum flux densities, obtained at multiple epochs. All flux densities have been corrected for interstellar extinction. Figure 2 . Flux densities and best-fit theoretical spectra of the stars studied by Sahai et al. (2008 Sahai et al. ( , 2011 . The red squares correspond to the B, V (GSC2 catalogue), J, H and Ks (2MASS) photometric bands, and the blue squares to the GALEX near-and far-UV bands. All data have been corrected for interstellar extinction. 
Ultraviolet emission of nearby AGB stars
After having tested the method proposed by Sahai et al. (2008) to investigate the UV excess associated with confirmed binary AGB stars, we extend it to a volume-limited sample of AGB stars.
There are different lists of nearby AGB stars in the literature that could be used to assamble a volume-limited sample of AGB stars (Sivagnanam et al. 1988; Groenewegen et al. 1992; Jura 1994; Ortiz & Maciel 1996) . However, all these "old" lists suffer from large uncertainties in the determination of the stellar distances (van Langevelde, H.J. et al. 1990; Lépine et al. 1995; Glass et al. 1995; Groenewegen & Whitelock 1996) . This limitation has been overcome with the advent of HIPPAR-COS, which allowed the determination of visual photometry, position, proper motion and annual parallax with accuracy starting at σπ = 0.6 mas (milli-arcsec) for magnitudes V = 5 − 6 up to σπ = 2.5 − 3.5 mas near the limiting magnitude V = 12.4 of the survey (Perryman et al. 1997 ). Thus, since σπ increases with the apparent magnitude and π decreases with the distance, the relative uncertainty σπ/π for a star generally increases with its distance.
Red giant stars were selected from the list of HIPPAR-COS sources classified by Ita et al. (2010) as M-, C-, S-and OH/IR stars. In order to remove RGB stars from that list, we selected only stars with luminosity higher than the tip of the RGB (L > 3 × 10 3 L⊙, Salaris & Cassisi 1997) obtained by McDonald et al. (2012) . About 95% of the AGB stars within 500 pc selected according to this criterium have apparent visual magnitudes V < 9.0, and consequently σπ/π < 0.5. Beyond this distance, the distance uncertainties based on HIPPARCOS data are larger than those reported by other formerly proposed distance scales. Therefore, the volume-limited sample of AGB stars in the solar neighbourhood studied in this paper is limited to a distance of 500 pc.
After applying the above criteria, the sample is reduced to 90 AGB stars, from which we additionally discarded those that (1) are classified in the literature as symbiotic (1 object, R Aqr = hip117054), (2) were not observed by GALEX (31 objects), and (3) were not detected by GALEX (5 objects). Our final sample consists of 53 AGB stars of various types within 500 pc, with GALEX counterparts and L/L⊙ > 3 × 10 3 (Table 3 ). According to Figure 1 , the limiting temperatures for the detection of MS stars at a distance of 500 pc in GALEX data would be T eff 5000 K for the near-UV and T eff 6500 K, for the far-UV.
The near-UV excess of the sample, expressed as QNUV , spans over a wide range, from 0.1 to ≃165. Over 70% of the stars show low near-UV excess, QNUV < 10, and only 12 stars (23%) show near-UV excess similar to confirmed binary AGB stars, i.e. QNUV > 20. Another significant statistical differences between this sample and that of confirmed AGB binaries are that only 50% of the volume-limited sample (27 out of 53 stars) have a far-UV counterpart, while QFUV spans over a wider range of values, from 1.1 × 10 5 to 2.0 × 10 10 .
Temperature of the companions of AGB stars
The UV excess observed in AGB stars can be used to assess the properties of their putative companions, such as the temperature. Assuming that the secondary component is a MS star, there is a close relationship between its intrinsic flux and the effective temperature. In this Section we obtain the temperature of the companion star using two methods:
(1) the near-UV and the far-UV flux in excess of the AGB star and (2) the near-to-far UV excess flux ratio. Once the distance to the the star is known, the UV flux density that would be emitted by a MS companion star is calculated using the method described in Sect. 3. Thus, the secondary's flux density is calculated as the difference between the observed GALEX and the predicted (theoretical) flux density, listed in Tables 1, 2 and 3. The temperature of the secondary star is given by the intersection of the horizontal line corresponding to the source's UV excess and the flux-density curve corresponding to the distance of the star in the T eff versus FNUV ,FUV diagram (Fig. 1) . The method is carried out separately in the near-and far-UV GALEX bands.
The second method is based on the FFUV /FNUV excess ratio. This quantity is compared with the prediction of a Table 3 . Basic data and best-fit parameters of nearby (D< 500 parsecs) AGB stars with HIPPARCOS distances, selected from the list of Ita et al. (2010) . Flux density intervals refer to minimum and maximum values obtained at multiple epochs. Near-and far-UV flux densities have been corrected for interstellar extinction. The different samples of AGB stars are shown using symbols with blue (Sahai et al. (2008 (Sahai et al. ( , 2011 Table 1 )), green (Famaey et al. (2009, Table 2 )), and red (distance-limited AGB stars, Table 3) points. When multiple UV observations are available, only the temperatures corresponding to the maximum and minimum values of the fluxes are shown.
theoretical model of MS stars, as discussed in Sect. 2, being thus similar to the temperature commonly determined from colour indices. Table 4 lists the temperature of the AGB companions obtained with the two methods described above. In general, we observe the following inequality: TNUV < TFUV < T FUV /NUV (see also Fig. 3 ). This discrepancy suggests that the UV excess cannot be ascribed to a single stellar spectrum. Figure 4 shows the temperature of the secondary members of the three samples obtained with the first method, using the near-and far-UV excesses. The reduced number of stars closer than 100 parsecs (only o Ceti and hd89758 = µ UMa) is a natural limitation caused by the relative low density of AGB stars in the solar neighbourhood. On the other hand, the relative larger number of objects near the distance upper limit of 500 pc results from the fact that, assuming a constant density of stars, the number of objects at a distance D increases with D 2 . On average, temperatures obtained from the far-UV excess flux are higher than those determined from the near-UV band. There is also a selective distribution of temperatures when the three distinct samples are compared, but this is mostly due to selection effects. The sample studied by Sahai et al. (2008 Sahai et al. ( , 2011 and Famaey et al. (2009) are biased towards UV bright objects, whilst that described in Sect. 4.3 is a distance-limited sample. Sahai et al. (2008 Sahai et al. ( , 2011 used the second method to determine the temperature of the secondary, i.e. based on the near-to-far UV flux density ratio and atmosphere models by Castelli & Kurucz (2003) . Table 4 shows a good agreement between their results and ours. For instance, Y Gem has one of the highest FFUV /FNUV ratio and Sahai et al. (2011) argue that its companion might have a blackbody temperature as high as 38,000 K, which is beyond the spectral range considered in our study, restricted to intermediate-mass MS stars. Our results, obtained with the same method, confirms this conclusion. We note that some UV sources are associated with X-ray sources, but no clear relationship seems to exist among them, neither with the amount of far-UV excess, and/or the temperature of the secondary.
DISCUSSION

The effect of variability
One of the major concerns when fitting photometric or spectroscopic data of AGB stars is their variability. This effect acts differently along the spectrum, changing its shape as pulsation changes the stellar temperature. As commented in Sect. 4.1, Mira-and SR-type variables often show a peak-topeak variation of ∼ 3 magnitudes (a factor ∼ 16 in flux) in the U band (Celis 1986 ). The majority of the galex measurements were taken only once or twice, which is clearly insufficient to sample the whole range of the UV fluxes along the cycle. Therefore, in the cases where one or just a few multiple photometric measurements of a given source were taken, the actual amplitude of variability might be larger than the measured interval of fluxes.
The majority of the confirmed binaries listed in Table 2 show a variation in flux of 10-20%, whereas other systems, like o Ceti and Y Gem for example, show relative flux variations over one order of magnitude. This suggests that the variability of the primary might affect the UV flux emitted by its companion. This effect is more evident in the far-UV band, where the predicted flux of the primary is over 5 orders of magnitude smaller than the values detected by galex. Therefore, besides the intrinsic variability of the primary's atmosphere, other effects might play a role in the large UV amplitude observed in some binary AGB stars. For instance, it is well known that some AGB stars may exhibit large circumstellar dust envelopes (CDE) that can extend up to 1000 stellar radii. The extended atmosphere of the AGB star and its CDE may block part of the UV radiation emitted by the companion. An accurate estimate of this effect depends on various factors, most of them poorly known, such as the orbital parameters of the system, including the inclination angle, the extinction law of the dust (which depends on the chemical composition), the density law, and the opacity of the CDE. Figure 4 shows that the variation of 1.3 dex in the near-UV flux of o Ceti causes a change of 1000 K in the determination of its temperature. The effect on the far-UV band is even more important: the variation of 1.2 dex in flux of Y Gem modifies its temperature by 1800 K.
Another possiblity would be the UV emission produced by an accretion flow onto the secondary or an accretion disk around it. This would produce stochastic or orbital-locked variations in the UV flux (Sahai et al. 2015) .
A criterium for binarity
One of the objectives of this paper is to define a procedure for selecting potential binary candidates. Table 2 lists 12 confirmed binary AGB stars, discovered after the monitoring of their radial velocities (Famaey et al. 2009 ). All of them have been detected in the near-UV and all of them, but hd108907, have also a far-UV counterpart. This is especially significant because whilst QNUV varies between 10 ∼ 200, the excess in the far-UV band is much larger, QFUV > 2 × 10 5 . This means that, as the near-UV flux has relative contributions of the primary and the secondary, the far-UV flux is originated mostly in the secondary. Therefore it can be proposed that the detection of an AGB star in the GALEX far-UV band is probe of binarity.
A second criterium to select binary AGB candidates is the near-UV excess, expressed as QNUV . Although disentangling the various effects that contribute for the flux variability (and as a consequence QNUV ) would require a modelization of each individual binary system, it is possible to establish a general statistical criterium for the majority of the objects. A U -band amplitude of 3 mag (a factor 16 in flux) has been observed in the light curve of several types of variable AGB stars (Celis 1986) , which suggests that near-UV excesses in the approximate interval QNUV < 16 can be partially explained by the AGB variability. Accounting for this intrinsic AGB variability, we propose QNUV > 20 as an additional criterium for selecting binary AGB candidates. The lower limit of this quotient is uncertain, and in any case binarity should be confirmed only after a careful monitoring of the radial velocity.
The assumption of far-UV detection and/or QNUV > 20 as a general criterium to select binary AGB stars would select the following AGB stars of this study as binaries: all the objects studied by Sahai et al. (2008 Sahai et al. ( , 2011 shown in Table 1; all the AGB stars selected from Famaey et al. (2009) listed in Table 2 ; 34 objects among the 53 listed in Table 3 . These are all listed in Table 4 , as well as the TNUV , TFUV and T NUV /FUV companion temperatures determined with the methods described in Sect. 4.4. The incidence of binary candidates in a sample limited to the distance of 500 pc can be estimated as follows. As explained in Sect. 4.3, among the 58 AGB sources surveyed by GALEX not known to be symbiotic systems, 5 were not detected in the survey and 53 were detected in the far-and/or near-UV bands. Among these, 34 stars have been selected as binary AGB candidates. Therefore, the occurrence of candidates is 34/58 or 59%, higher than some previous studies focused on other samples: 8% of spectroscopic binaries in field red giants (Jorissen et al. 2004 ) and 26% in three open clusters (Mermilliod 2001) . Additional work, e.g. based on kinematic data, should be devoted to confirm the candidates selected in the present study, which eventually may decrease the incidence of confirmed AGB binary systems. 
CONCLUSIONS
This work has focused on the search for main-sequence (MS) companions of AGB stars detected in the galex survey. This study extends the method originally proposed by Sahai et al. (2008) : the UV excess of AGB stars is due to the presence of a companion, which can be detected above the emission of the primary if its temperature is T eff > 6000 K and the flux is within the detection limits of the galex survey. After analysing the characteristics of the UV emission of a sample of bona-fide binary AGB stars detected with galex, it can be concluded that:
(i) Within a distance of 500 pc, galex detection limits of MS stars are T eff >5000 K and >6500 K for the near-UV and far-UV bands, respectively.
(ii) Although the UV flux originates mostly from the secondary star, other extrinsic factors might affect its intensity, causing variability, for instance, the intrinsic variability of the primary and the opacity of a common envelope of gas and dust or accretion of material onto the secondary or onto an accretion disk around it.
(iii) The galex near-UV excess of confirmed binary AGB stars varied within 10 < QNUV < 200 and QFUV > 2 × 10 5 . (iv) A possible criterium for binarity is: (1) detection in the far-UV galex band and/or (2) QNUV > 20.
(v) The UV excess of the candidates to binary AGB stars cannot be fitted with a single-temperature companion. The UV emission of the secondary is possibly affected by the extended atmosphere of the primary and/or its circumstellar envelope or it may reveal additional sources of UV emission in accretion processes.
